The contribution of sexual selection to brain evolution has been little investigated. Through comparative analyses of bats, we show that multiple mating by males, in the absence of multiple mating by females, has no evolutionary impact on relative brain dimension. In contrast, bat species with promiscuous females have relatively smaller brains than do species with females exhibiting mate fidelity. This pattern may be a consequence of the demonstrated negative evolutionary relationship between investment in testes and investment in brains, both metabolically expensive tissues. These results have implications for understanding the correlated evolution of brains, behaviour and extravagant sexually selected traits.
INTRODUCTION
Sexual selection is a potent evolutionary force (Darwin 1871 ). Yet despite recognition that variation in brain structure and function contributes to species differences in courtship signalling and perception (Balaban 1997; Madden 2001) , patterns of sexual receptivity and arousal (Ferris et al. 2004) , pair bonding (Young & Wang 2004) , and parental care and territorial aggression (Young et al. 1998) , the role of sexual selection on brain size evolution has, with few exceptions (Pawlowski et al. 1998; Madden 2001; Garamszegi et al. 2005) , received little study.
Allometry explains much of the variation in brain size among species (Baron et al. 1996; Pagel & Harvey 1988b; Jones & MacLarnon 2004) . Various adaptive explanations for the remaining variation include the need for enhanced or specialized sensory systems (Barton et al. 1995) , diet (Jones & MacLarnon 2004) and spatial ecology (Safi & Dechmann 2005) . In addition, the 'social brain' (or 'Machiavellian intelligence') hypothesis, which contends that increasing social complexity enhances cognitive arms races in which relatively large-brained individuals are better able to manipulate the behaviour of others to favour the manipulator's own needs (Byrne & Whiten 1997) , has been supported by positive relationships between brain size and social group size (Dunbar 1995) or deception rate (Byrne & Corp 2004 ) among primates.
Recent theoretical and empirical developments in sexual selection theory (Chapman et al. 2003 ) suggest a corollary hypothesis in which males and females are jointly under selection to subvert the reproductive investment made by their sexual partners, and resist being subverted by them, thus generating sexually antagonistic coevolution for cognition (Rice & Holland 1997) . This sexual conflict hypothesis predicts that species breeding promiscuously will have relatively larger brains than species with genetic monogamy.
We propose here an additional hypothesis generated from sexual selection theory. Because relatively large brains are metabolically costly to develop and maintain, changes in brain size may be accompanied by compensatory changes in other expensive tissues. This 'expensive tissue' hypothesis for brain size evolution has received empirical support from studies of the comparative relationship between brain and gastrointestinal tract mass among anthropoid primates (Aiello & Wheeler 1995) , but not from an analysis of intestine length in bats (Jones & MacLarnon 2004) . However, this hypothesis has not been considered in any taxon with regard to ornaments, weapons or sexual organs functioning in reproductive competition. Such sexually selected traits can also be costly, as indicated by their conditiondependence (Johnstone 1995; Cotton et al. 2004) . The 'expensive sexual tissue' hypothesis thus contends that more intense sexual selection will constrain the evolution of enhanced brain size as a result of energetic trade-offs with costly sexual organs, ornaments or armaments.
Here, we analyse comparative data on total brain and neocortex dimension, testis mass, and social and mating systems for 334 Chiroptera species to test predictions of the social brain, sexual conflict and expensive sexual tissue hypotheses for brain evolution in this large and ecologically diverse mammalian clade. It is important to note that, with few exceptions (McCracken & Wilkinson 2000) , male bats are not more ornamented than females. Males of many bat species are, however, well equipped with relatively large testes, which has been interpreted as an adaptive response to postcopulatory sexual selection (Hosken 1997 (Hosken , 1998 Wilkinson & McCracken 2003) . Testicular tissue can represent a substantive energetic investment (Kenagy & Trombulak 1986) , and an extraordinary range of combined testes mass has been documented across bat species: from 0.12 to 8.4% of body mass, which exceeds that of any other mammalian order (Wilkinson & McCracken 2003) . Primates by comparison, which have been widely used as evidence that sexual selection influences testes size, exhibit combined testis mass ranging only from 0.02 to 0.75% of body mass (Harvey & Harcourt 1984) . We thus tested the expensive sexual tissue hypothesis by comparatively examining the relationship between relative dimension of brains and testes.
MATERIAL AND METHODS
(a) Data acquisition Data were assembled from the literature for 334 bat species. Species names were converted before analysis into the taxonomy of Wilson & Reeder (1993) , and names that could not be reconciled were excluded. Brain dimension data include total brain mass (mg; NZ313 species) and raw volume of the neocortex (isocortical greyCunderlying white matter; mm 3 ; NZ253 species; Baron et al. 1996) . Mean species brain values were analysed as sex-specific brain values are unavailable for most species. Testis data are the combined mass of the pair of testes from males in breeding condition (g; NZ103 species), with mass either directly measured or else estimated from testicular volume (Wilkinson & McCracken 2003) . Adult body mass (g) values used were those reported in the literature providing the brain and testis data. Bat social and breeding systems are challenging to categorize, as they fall more on a continuum and genetic data on patterns of parentage are rare. To explore the relationship between social structure and brain dimension, we categorized species according to the structural roosting association as single-male/single-female, singlemale/multiple-female or multiple-male/multiple-female ( (b) Statistical analyses To control for allometry in the species-level analyses, analysis of covariance (ANCOVA) was used with body size treated as a covariate. We investigated the amount of similarity among species in brain and testis data that was due to shared evolutionary history using the spatial autocorrelation statistic, Moran's I (Gittleman & Kot 1990) , and found all to be significant at the level of species within genera (results not presented). Appropriate statistical methods that consider phylogenetic distribution of character states could not be effectively employed with the discrete analyses of female promiscuity, mating system and roosting association, as the character distributions, coupled with the current lack of resolution of the Chiroptera clade (Jones et al. 2002) , resulted in low power to detect relationships. We were, however, able to control for shared ancestry by analysing independent contrasts of the size-corrected brain and testis residuals generated by the CRUNCH algorithm of the CAIC program (Purvis & Rambaut 1995) and using a bat supertree phylogeny (Jones et al. 2002) with estimates of branch lengths based on molecular sequence divergences (Jones et al. 2005) . Size-corrected residuals were generated from regressions of brain and testis mass on body mass. Repeating the analyses with the supertree recoded following the recent family-level phylogeny of Teeling et al. (2005) to generate the contrasts did not qualitatively affect the results. Sensitivity of the results to homoscedasticity in the contrasts (caused by inadequate branch length transformation and other deviations from the assumptions of the independent contrasts method) was investigated in two ways: (i) by repeating the contrast analysis with equal branch lengths and (ii) by examining the effects of removing contrasts that had a studentized residual greater than 3. In both cases, the correlation between brain size and testis mass either increased in significance or remained qualitatively unchanged. Correlations between independent contrasts of variables were examined using least squares linear regressions with the models constrained to go through the origin. Results from species-level analyses can also be confounded by physiological and ecological 'grade shifts,' as previous studies have demonstrated significant effects of echolocational ability and diet (fruit versus non-fruit) on relative brain mass in bats (Barton et al. 1995; Jones & MacLarnon 2004; Safi & Dechmann 2005) . We thus took a conservative approach, investigating each correlation both within all species and discretely for each of the above grades. All continuous variables were log e transformed prior to statistical analysis, and all statistical tests were two-tailed and performed (for species-level analyses) using JMP version 5.1 and (for independent contrast analyses) using SPSS v. 12.
RESULTS
To determine if brain size has been influenced by social complexity or sexual conflict we examined the relationship between both the social system (i.e. roosting association) and the mating system and brain size evolution in bats using data on both total brain mass and volume of the neocortex. Relative neocortex size provides one of the clearest indicators of general brain evolution (Baron et al. 1996) and has been treated as a proxy for enhanced cognitive abilities (Dunbar 1995; Byrne & Corp 2004) . After controlling for allometric differences associated with body size, we found highly significant relationships between both brain traits and female promiscuity and mating system and marginally non-significant relationships with roosting association (table 1). Trait differences among treatment groups are illustrated using residuals in figure 1 .
Relatively small brains are found in species that have females that mate promiscuously, are polyganyndrous and assemble in multi-male/multi-female roosts ( figure 1a-c) . Male promiscuity, by contrast, had no evolutionary influence on relative brain dimension (compare 'monogamy' and 'polygyny' in figure 1b) . The strong trend towards diminishing brain size as complexity in roosting group composition increases (figure 1c) is opposite to the pattern predicted by the social brain hypothesis (Dunbar 1995) . We believe that some caution is warranted in interpreting this result, however, as social group stability and the number of individuals engaged in regular interactions (for which there is insufficient information available from most species to assess) may be more important to brain evolution than the composition or size of a colony (Wilkinson 2003) . The finding that species in which females are guarded and presumably inseminated by only a single male within a breeding cycle have relatively large brains (figure 1a) similarly supports rejection of the sexual conflict hypothesis. Nevertheless, all of the observed relationships implicate a strong association between sexual selection and brain dimension among bat species.
As previously reported (Wilkinson & McCracken 2003) , we found that relative testis mass covaries with female promiscuity and roosting association (table 1; figure 1d,f ). We additionally demonstrate here that it is female promiscuity, and not male opportunity to inseminate multiple females, that is associated with increases in relative testis mass (compare 'monogamy' and 'polygyny' with 'polygynandry' in figure 1e). Collectively, these results indicate that relative testis mass is a robust index of the intensity of sperm competition and the genetic breeding system in bats. With regard to the expensive tissue hypothesis, note that the distribution of residual brain mass among treatment groups (figure 1a-c) mirrors that of residual testis mass (figure 1d-f ). It is further worth noting that the bat species bearing the relatively largest testes, for which brain dimension data is also available, Myotis albescens (Vespertilionidae), invests more than twice as much in testes as in brains (6.7 versus 3.2% of body mass, respectively).
Results presented above should be cautiously interpreted, given that both brain dimension and breeding system may exhibit phylogenetic inertia (Jones & MacLarnon Figure 1 . Mean residual ln brain mass (a-c) and testis mass (d-f ) for bat species relative to the occurrence of female promiscuity (a,d ), their mating system (b,e; MG, monogamy; PG, polygyny; PGN, polygynandry), and their roosting association (c, f; SM-SF, single male, single female; SM-MF, single male, multi female; MM-MF, multi male, multi female). Residuals were generated from regression of ln brain mass or ln testis mass on ln body mass, with regressions performed separately by family as partial phylogenetic control. These data are for illustrative purposes only; all conclusions from discrete analyses are based on ANCOVAs (table 1) . Relationships for residual ln neocortex volume (not shown) are qualitatively similar to those illustrated for total brain mass. Error bars equal one s.e.m. Number of species indicated at base of columns.
2004), and because breeding system is expected to covary with foraging ecology (Emlen & Oring 1977) , which is non-randomly distributed across the bat clade and known to select on relative brain size in bats (de Winter & Oxnard 2001; Safi & Dechmann 2005) . We, therefore, examined the relationship between continuous variation in brain and testis mass across species while correcting for phylogeny, allometry and ecological grades associated with diet and echolocation. A significant negative relationship between independent contrasts in residual brain mass and independent contrasts in residual testis mass was found in a regression analysis of all species (nZ57, slopeZK0.069, tZK2.23, r 2 Z0.08, pZ0.029). Interestingly, when controlling for grade shifts, this relationship was found to be significant and negative for echolocating species (nZ46; slopeZK0.079, tZK2.35, r 2 Z0.11, pZ0.023), but not for non-echolocating species (nZ10; slopeZ0.042, tZ1.27, r 2 Z0.15, pZ0.236). Qualitatively similar statistical results were found when controlling for diet (not shown). The relationship between contrasts in residual ln neocortex volume and residual ln testis mass were not significant (all species: nZ52, slopeZK0.043, tZK1.29, r 2 Z0.03, pZ0.204; echolocating: nZ41; slopeZK0.059, tZK1.61, r 2 Z0.07, pZ0.12; non-echolocating: nZ10; slopeZ 0.035, tZ0.58, r 2 Z0.04, pZ0.57).
DISCUSSION
We postulate that the most likely explanation for negative covariation between brains and testes in bats is that these metabolically expensive organs energetically trade-off against one another. A growing body of evidence indicates that costly sexually selected traits (including testis and ejaculatory traits) can trade-off against other energetically expensive but important characters, such as immune function (Siva-Jothy et al. 1998; Verhulst et al. 1999; Hosken 2001; Fedorka et al. 2004; Simmons & Roberts 2005) . Comparative analyses of fruit flies have shown that costly spermatogenesis can trade-off with developmental life histories, such as the onset of reproductive maturity (Pitnick et al. 1995; Pitnick 1996; Pitnick & Miller 2000) . Further, experimentally ablating the precursor cells that normally give rise to testes result in disproportionately larger horns (a secondary sexual trait) in the scarab beetle, Onthophagus taurus, demonstrating that even distant body parts may rely on a common resource pool for their developmental growth (Moczek & Nijhout 2004) . A similar trade-off between testes and brains in bats is perhaps not surprising given their extreme 'economy of design' resulting from using an energetically expensive form of locomotion and exploiting food sources that are seasonally variable (Hosken & Withers 1997) .
The finding of a negative evolutionary relationship between brains and testes in echolocating (and non-fruit eating) bats, but not in non-echolocating (or fruit-eating) bats, may be attributable to the former group of species having more constrained energy budgets, as suggested by their greater use of torpor than non-echolocating species, even in the tropics (Hosken & Withers 1997) . This difference in energy budgets may be due in part to their smaller body size (meanGs.e. body mass: echo: 18.32G 1.32 g; non-echo: 197.56G33.64 g; for mammals weighing less than 100 g, maintaining gonadal tissue represents 5-10% of basal metabolic rate (Kenagy & Trombulak 1986) ). In addition, echolocating species have relatively larger surface areas (Hosken & Withers 1997) , and more variable relative testis mass than do non-echolocating species (regressions: echo: ln testis mass contrastsZ 0.844!ln body mass contrasts, nZ65, r 2 Z0.38; nonecho: ln testis mass contrastsZ0.678!ln body mass contrasts, nZ14, r 2 Z0.48). Finally, given that the energetic expense of reproduction often has long-term costs in terms of body condition (Clutton-Brock et al. 1989) and survival (Bell 1980) , it is noteworthy that bat longevity is on average 3.5 times greater than for nonflying placental mammals of similar size (Wilkinson & South 2002) . It thus appears the extreme investment in testes is not energetically accommodated by a reduction in somatic maintenance.
The possibility that investment in either testes or brains constrains investment in the other has important and novel implications for sexual selection theory. To the extent that relative brain dimension influences reproductive behaviours (Balaban 1997; Young et al. 1998; Madden 2001; Ferris et al. 2004; Young & Wang 2004) , sexual selection favouring greater or lesser investment in resource-intensive organs, ornaments or armaments (e.g. testes, plumage, antlers) will be influenced by selection on brains and behaviour, and vice versa. In cases of extreme investment in ornaments (e.g. peacock's tails) the evolutionary interplay between neurogenesis and secondary sexual traits may have far-reaching effects on the directions and rates at which other traits evolve.
There are at least two alternative or complementary explanations to the expensive tissue hypothesis for the observed brain-testis relationships. First, larger brains take longer to develop, and hence gestation length, maturation time and the duration of parental care may correlate positively with neonatal brain mass (Pagel & Harvey 1988a; Allman et al. 1993; Jones & MacLarnon 2004) . Consequently, larger-brained species may tend towards monogamy, given the premium on bi-parental care of offspring. This explanation seems unlikely to contribute substantially to the broader brain-testis relationship, however, given that paternal care is rare in bats, having been documented in only two species (McCracken & Wilkinson 2000) . Second, recent studies implicate genetic constraint (e.g. antagonistic pleiotropy) as a possible explanation for the inverse evolutionary brain-testis relationship. A functionally diverse array of genes exhibit coexpression in brain and testis (Wilda et al. 2000; Meizel 2004) , defects in testis function tend to be associated with mental retardation (Zechner et al. 2001) , and genes associated with cognition and those specific for testicular somatic cells and early stages of spermatogenesis may share a similar genetic architecture characterized by a preponderance of X-linked genes (Wang et al. 2001; Zechner et al. 2001; Divina et al. 2005) ; but note that genes expressed exclusively during male meiosis exhibit the opposite pattern (Eddy & O'Brien 1998; Betrán et al. 2002) . Integrating the contribution of such molecular/ developmental mechanisms with a more traditional, life history (energetic) view of trade-offs, to better our understanding of trait evolution, presents a fundamental theoretical and empirical challenge (Barnes & Partridge 2003) .
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